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The prevalence and severity of allergic asthma continue to rise, lending urgency to the search for 
environmental triggers and genetic substrates. Using microarray analysis of pulmonary gene 
expression and single nucleotide polymorphism-based genotyping, combined with quantitative trait 
locus analysis, we identified the gene encoding complement factor 5 (C5) as a susceptibility locus for 
allergen-induced airway hyperresponslveness in a murine model of asthma. A deletion in the coding 
sequence of CS leads to C5-deflciency and susceptibility. Interleukin 12 (IL-12) is able to prevent or 
reverse experimental allergic asthma. Blockade of the C5a receptor rendered human monocytes 
unable to produce IL-12, mimicking blunted IL-12 production by macrophages from C5-deficient 
mice and providing a mechanism for the regulation of susceptibility to asthma by C5.The role of 
complement in modulating susceptibility to asthma highlights the importance of immunoregulatory 
events at the interface of innate and adaptive immunity in disease pathogenesis. 



The worldwide prevalence and severity of allergic astlima have 
increased dramatically in recent decades. Unfortunately therapeutic 
advances have not kept pace, and asthma morbidity and mortality con- 
tinue to rise 1 . The cardinal features of allergic asthma include airway 
hyperresponsiveness (AHR) to a variety of specific and nonspecific 
stimuli, excessive airway mucus production, pulmonary eosinophilia 
and elevated concentrations of serum immunoglobulin E (IgE). It is 
generally accepted that asthma arises as a result of inappropriate 
immunological responses to common environmental antigens in genet- 
ically susceptible individuals 2 . Pathophysiology is thought to be medi- 
ated by CD4* T lymphocytes producing a type 2 cytokine profile 2 . The 
molecular mechanisms that underlie susceptibility to these aberrant 
immune responses are unknown. A genetic approach has promised 
insight into mechanism. Family studies demonstrate a heritable predis- 
position to asthma. The mapping of asthma susceptibility genes in 
humans has been hampered by variability in phenotype, genetic het- 
erogeneity across populations and uncontrolled environmental influ- 
ences. Despite this, more than 20 linkage regions have been found", 
although the path from linkage to gene remains untraveled to date. 

A well characterized murine model that mimics the pathophysiology 
of human allergic. asthma was used in a reductive approach to these 
complexities 7 . In this model, allergen exposure results in AHR, 



increased airway mucus content, antigen-specific IgE in serum, and 
pulmonary eosinophilia*- 7 . As with human asthma, the pulmonary 
inflammatory response in experimental asthma centers around the air- 
way wall and involves extensive airway wall remodeling, including: 
goblet cell metaplasia; thickening of the airway epithelial layer; and 
airway smooth muscle hypertrophy. Inbred mouse strains vary in their 
this model. Allergic airway 
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In the C5 gene and carry the CS-D 
allele; C3H/He) mice do not have the 
deletion and carry the C5-S allele. 
Altele-speclfic kinetic polyacrylamlde 
gel electrophoresis (PCR) was used to 



lacking this allele after amplification cycle 36. (b) Kinetic PCR using the A/1 allele-spedfic primer Identifies the C5-D in two strains. (6) Dynamic airway pressure (APTI in cm- 
H|0 x s) following aSergen-sensltlzatlon and challenge far these five Inbred murine strains. APTI measurements represent means ± s.d. In — ' * *° " ' 
ber of mice for each strain. 



responses are mediated by cytokines produced by type 2 CD4* T cells 
in susceptible strains of mice. Congruent with the well defined role of 
interleukin 12 (IL-12) in promoting type 1 CD4*T cell differentiation, 
disease is prevented or ablated by exogenous IL-12 in susceptible 
strains'. Similarly, neutralization of IL-12 renders resistant strains sus- 
ceptible to disease'. Previous studies have shown that the various fea- 
tures of the asthmatic phenotype are separable, both genetically and 
experimentally in this model. Two strains with markedly different sus- 
ceptibilities to experimental allergen-induced AHR, the primary phe- 
notypic signature of human asthma, were used in a search for genetic 
substrates. 

Results 

CS as a candidate gene 

To identify gene candidates, pulmonary gene expression was profiled 
with oligonucleotide microarrays. A/J (highly susceptible to allergen- 
induced AHR) and C3H/HeJ (highly resistant) mice were immunized 
intraperitoneally and were subsequently challenged intratracheally 
with soluble ovalbumin (OVA); the allergic phenotype was assessed 3 
days after the antigen challenge. After phenotypic assessment, lungs 
were collected from A/J, C3H/HeJ (A/J x C3H/HeJ)F, (called hereafter 
Fi) and eight of the segregating F, x A/J backcross (BQ) mice that 
exhibited phenotypically extreme allergen-induced airway responsive- 
ness (APTI). (APTI of BC r high, 1280-2349 cro-H,0 x s; APTI of 
BCrlow, 256-514 cm-H 2 0 x s.) Of the 7350 genes on the microarray, 
2718 were expressed in the lungs of the parental strains and 739 were 
differentially expressed in the lungs of A/J and C3H/HeJ mice. 
Approximately 227 genes exhibited a greater than threefold change in 
expression when these two parental strains were compared. 

Differential gene expression was assessed within groups of high- and 
low-responder mice by comparing expression in four BCi-high respon- 
der and A/J mice, and four BC,-low responder and C3H/HeJ mice, 
respectively. The expression data was filtered for differential expres- 
sion in four of the five intragroup pairwise comparisons, as suggested 

Figure 3. Effects of C5aR blockade on cytokine production by primary 
human monocytes. Monocytes were incubated in serum-free conditions with the 
indicated concentration of C5aR antagonist (•) or control {<>). Stimulation was with 
IFN-Y + SAC (solid line) or SAC alone (dashed line), (a) IL-12 p70 production, (b). 
IL-12 p40 production, (c) TNF-ot production, (d) IL-10 production.Values shown are 
means ± s.d. in a representative experiment (n=4). Statistical analysis was done with 
paired t-tests. 'P<0.0005. 'P<0.005, >P<0.05. At 1 uM of the C5aR antagonist, there 
was 95.4% (s.e. 3%) mean inhibition of IL-12 p70 production; 91.756 (s,e. 6.3%) Inhi- 
bition of IL-12 p40 production to stimulation with IFN-Y+ SAC, 91 .6% (ste.4.6%) to 
SAC alone; 63.9% (s.e. 5.7%) inhibition of TNF-a production to IFN^ + SAC. 51.3% 
(s.e. 6.1 %) to SAC alone; and 254% (s.e. 64.8%) mean augmentation in IL-10 produc- 
tion after stimulation with IFN-Tf + SAC, -0.4% (s.e. 14,7%) after SAC alone (n=4). 



by the Affymetrix GeneChip software. This analysis yielded 21 differ- 
entially expressed genes. Previous analysis of the inheritance pattern of 
allergen-induced AHR in these strains led to the identification of two 
distinct quantitative trait loci (QTL) on chromosome 2: Abhrl ("aller- 
gen-Induced bronchial hyperresponsiveness") and Abhr2 (lod 
scores-4.3 and 3.7, respectively)". CS, located neaiAbhrt at 23.5 ctvl 
on chromosome 2, was the only gene that both met the differential 
expression criteria and was located in one of the defined QTL intervals. 
No gene within the Abhrl support interval satisfied the differential 
expression criteria. 

The initial expression data set was confirmed by expression profiling 
of additional BC,-high responder (n=2), BQ-low responder («=2) and 
parental (A/J and C3H/HeJ) mice, to yield a total of 18 data points. 
Direct comparison of allergen-induced AHR with pulmonary C5 
mRNA expression in A/J, C3H/HeJ, F, and 12 BC, mice exhibiting 
extreme allergen-induced AHR phenotypes revealed that resistant 
(C3H/HeJ and BC,-low responder) mice had high CS gene expression; 
susceptible (A/J and BC-high responder) mice had low CS gene 
expression; and F, mice had intermediate CS gene expression (Fig. J). 
The amount of C5 expression was significantly associated with geno- 
type (/><0.005 for the BC, mice alone; .PO.001 including the parental 
and F, mice as well, with Student's /-test). 

C5 expression also correlated with the magnitude of allergen-induced 
AHR, linear correlation coefficient (H) - -0.66. The CS genotype was 






Figure 4. C5aR signal- 
ing and CSaR blockade 
have mechanistically 
distinct effects on IL-12 
production: serum 
dependence and per- 
tussis toxin sensitivity 
of signaling. Monocytes 
were Incubated In media 
without (filled bars) or 
with (open bars) 250 ng/ml 
of pertussis toxin in the 



10% fetal bovine serum for 

2 h. Cells were subse- U--1 2 p70 (% of baseline) 

quentiy cultured (with or 
without serum) in the 

presence of 100 nM C5aR antagonist or 100 nM recombinant C5a (Sigma), or appro- 
priate controls (control lysate" for C5aRA, media for C5a). Stimulation was with 
IFN-T + SAC. Data presented are means ± s.d. in a representative experiment (o=3). 
Statistical analysis was done by paired t-test T=O.0OOOO7. l f , -O.0O0O04,<P^).Ou006. 



analyzed for all BCi mice shown in Fig. 1. Five out of six Bd-low 
responder mice were heterozygous at the CS locus, and had high pul- 
monary C5 mRNA expression. The single BC,-k>w responder mouse 
with low pulmonary CS mRNA expression was homozygous for the A/J 
allele at the CS locus, a result that is congruent with the QTL analysis 
demonstrating the presence of at least two loci controlling allergen- 
induced AHR in this model. 



C5a effects on IL-12 production 

C5 cleavage fragments exert pleiotropic effects on inflammatory 
responses. C5a has been shown to stimulate the production of proin- 
flammatory cytokines by monocytes and macrophages. The effects of 
C5a on monocytic production of IL-12, aThelpercell subset 1 (Tnl)- 
promoting proinflammatory cytokine that is critical to regulation of the 
asthmatic phenotype in this model, were therefore examined. In vitro 
analysis of the role of complement in modulation of monocyte and 
macrophage function is complicated, experimentally, by the facts that: 
such cells synthesize the complement system autologously; comple- 
ment activation occurs readily in vitro; and the use of serum provides 
access to complement activation fragments including C5a H -' 7 . 
Therefore, to mimic the in vivo lack of access of A/J macrophages to 
CSa, we studied the effects of ablating C5a-mediated signaling in 
human monocytes cultured in the absence of exogenous complement. 
A potent, specific CSa receptor (CSaR) antagonist, isolated by panning 
C5a COOH-terminal libraries on a CSaR-expressing cell line, was 
used". This antagonist binds to human leukocytes with an median 
inhibitory dose (1D») in the low nanomolar range and exhibits no 
detectable agonist activity even at micromolar concentration 
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The relationship between CS expression and genotype has been exam- 
ined previously in murine systems. A/J mice have a 2-bp deletion in a 
S' exon of the CS gene that renders them deficient in C5 mRNA and 
protein production (and devoid of functional C5); C3H/HeJ mice are 
CS-sufficient 11 . The link between C5 and AHR was explored further by 
characterizing the correlation between CS genotype and susceptibility 
to allergen-induced AHR. A high-throughput single nucleotide poly- 
morphism (SNP)-based genotyping assay, employing CS allele-specif- 
ic oligonucleotide primers and kinetic thermal cycling, was used to 
genotype 172 BCi mice with phenotypicaliy extreme allergen-induced 
AHR responses. 

BCrhigh responder mice tended to be homozygous for A/J CS alle- 
les (CJ-Z>); whereas BQ-low responder mice tended to be heterozy- 
gous, carrying both CS-D and C3H/HeJ (CJ-S) alleles (Table 1). These 
differences in CS allele frequency were statistically significant, con- 
firming the correlation between CS genotype and susceptibility to aller- 
gen-induced AHR in the progeny of these parental strains. The correla- 
tion between phenotype and genotype at this locus is not absolute, con- 
firming the presence of multigenic influences on allergen-induced 
AHR. As a control, these same BC, mice underwent SNP-based geno- 
typing of the Toll-like receptor 4 gene (77W) on chromosome 4, a dom- 
inant negative mutation in which is responsible for endotoxin hypore- 
sponsiveness in C3H/HeJ mice"-". No significant difference in Tir4 
allele frequency was found between the high- and low-responder pop- 
ulations (Table 1). 

To begin to assess the breadth of the linkage between CS genotype 
and susceptibility to allergen-induced AHR, SNP-based genotypic 
analysis was done in other, previously phenotyped, inbred murine 
strains (Fig. 2). The correlation held fast in this limited sample of 
strains. Both of the susceptible strains (AKR/J and A/J) carry the dele- 
tion in CS, whereas resistant (C57/BL/6J, BALB/cJ, C3H/HeJ) strains 
do not carry this deletion. 



immunoaffinity-purified C5aR antagonist (or a control lysate similarly 
purified from bacteria not expressing recombinant CSaR antagonist), 
and secondarily stimulated for monokine production. Blockade of the 
CSaR caused marked, dose-dependent inhibition of the IL-12 produc- 
tive capacity of primary human monocytes (Fig. 3a,b). This occurred 
both at the level of the functional p70 heterodimer and at the level of 
the highly regulated p40 subunit. K-76, a complement-inhibitory 
monocarboxylic acid derived from fungi with primary effects on C5 
activation", also inhibited IL-12 production by monocytes (data not 
shown). We examined the specificity of these effects by characterizing 
the effects of C5aR blockade on the principal pro- and anti-inflamma- 
tory cytokines produced by monocytes and macrophages: tumor necro- 
sis factor a (TNF-o) and IL-10. C5aR blockade also inhibited the 
secretion of TNF-a, albeit with less potency than its effects on IL-12 
(Fig. 3c). Although inhibition of CSa-mediated signaling had no over- 
all effect on bacterially driven IL-10 production, IFN^y-mediated sup- 
pression of IL-10 production was reversed (Fig. 3d). Taken together, 
these latter findings suggest that functional C5-deficiency leads to a 
relatively anti-inflammatory phenotype, especially in the presence of 
the type 1 cytokine IFN-Y- 
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•AA, homozygous A/I allele. »AC, heterozygous (A/J, C3H/HeJ) alleles.Template 
DNA was prepared from 172 BC, mice exhibiting extreme phenotypes for alter- 
gen -induced AHR (APTI value for BC,-high, 1280-2349 cm-Hip * siAPT' for 
BCrtow, 256-514 cm-H,0 x s). Genotyping was done by kinetic PCR with specifi 
primers for Nl and C3 WHeJ alleles of C5 and TW. Statistical analysis was done 
using the Fisher exact test C5 genotype: P=0. 0013. TM genotype: P»0.169. 
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It has recently been reported that C5a can itself lead to downmodu- 
lation of IL-12 production under certain conditions 2 "'. These data are 
replicable (Fig. 4). However the inhibition of IL-12 production 
induced by C5a is clearly and mechanistically separable from that 
resulting from ablation of C5aR signaling. The C5aR is coupled to a 
pertussis toxin-sensitive G protein 51 . Notably, C5a-mediated inhibi- 
tion of IL-12 production is pertussis toxin sensitiveand only occurs in 
the presence of serum. In contrast, C5aR antagonist-mediated inhibi- 
tion is not pertussis toxin-sensitive and does not depend upon exoge- 
nous serum (Fig. 4). 

To further investigate the relevance of these observations to experi- 
mental allergic asthma, IL-12 production was compared in A/J and 
C3H/HeJ mice. Peritoneal macrophages from C5-deficient A/J mice 
produce significantly less IL-12 than those obtained from C5-sufficient 
C3H/HeJ mice (Fig. S). 

Discussion 

We previously identified two QTL for allergen-induced AHR on chro- 
mosome 2, Abhrl and Abhr2">. To make the transition from QTL to 
gene, we took advantage of recent technological advances that have 
made genetic analysis of complex traits increasingly tractable in exper- 
imental models. QTL analysis was combined with microarray analysis 
of target organ gene expression and SNP-based genotyping to identify 
C5 as a susceptibility locus for AHR. Genotypic analysis of the pheno- 
typically diverse backcross (BC,) mice was critical to investigation of 
the link discovered between phenotype, gene expression and genotype. 
The power of gene array analysis is tempered by its inability to distin- 
guish between primary and secondary effects on gene expression. SNP 
analysis of the backcross animals demonstrated the presence of a genet- 
ic polymorphism at the C5 locus with a primary effect on the pheno- 
type of allergen-induced AHR. The association identified between the 
C5 locus and AHR in our study was not complete, accurately reflecting 
the multigenic nature of this trait. As with any genetic analysis, it is the- 
oretically possible that a closely linked gene or regulatory sequence 2 ', 
and not the identified gene itself, underlies the trait in question. The 
role of C5 itself in allergen-induced AHR is supported by In vitro func- 
tional data on the effects of C5 cleavage fragment signaling on 
iramunoregulatory cytokine production, however. 

It has become clear in recent years that the complement system 
plays an important immunoregulatory role at the interface of innate 
and acquired immunity. For example, proteolytic fragments of C3 have 
been shown to influence the class of immune response to a given 
immunogen, augmenting humoral immune responses through effects 
on B cells, and suppressing cellular immune responses through inhibi- 
tion of IL-12 production by antigen presenting cells*- 25 . Because 
experimental allergic asthma is clearly a cytokine-regulated process, 



this suggested a mechanistic hypothesis for the role of C5-deficiency 
in susceptibility to allergen-induced AHR. Proteolytic cleavage of C5 
yields two fragments, both of which can stimulate cytokine production. 
As part of a hemolytically inactive membrane attack complex, C5b 
causes signaling in neutrophils and endothelia, inducing chemokine 
production by the latter 3 *-". C5a has pleiotropic effects on inflamma- 
tion, being chemotactic for all myeloid lineages, inducing degranula- 
tion and the production of variety of proinflammatory mediators by 
granulocytes and increasing vascular permeability 22 . C5a also stimu- 
lates monocyte and macrophage production of the proinflammatory 
cytokines TNP-cc, IL- 1 and 1L-6 29 -" . We therefore examined the effects 
of C5a on monocytic production of IL-12. The data presented here 
demonstrate that blockade of CSaR signaling ablates IL-12 production 
by primary human monocytes. Such blockade also suppresses TNF-a 
production and reverses IFN-7-mediated suppression of IL-10 secre- 
tion, although it does not affect bacterially driven IL-10 production. 

CSa has itself been shown to lead to IL-12 inhibition under certain 
conditions" 21 , a finding that we were able to replicate. Our data demon- 
strate that such C5a-mediated IL-12 suppression is mechanistically dis- 
tinct from the IL-1 2 suppression that results from the ablation of C5aR 
signaling, however. These data, together with previously reported data 
showing a lack of agonist effects of the C5aR antagonist", strongly 
suggest that the C5aR antagonist is not acting as an agonist at the recep- 
tor. Modulation of IL-12 by both the CSaR antagonist and C5a suggests 
a model in which some C5aR signaling is needed to render monocytes 
and macrophages competent for IL-12 production, whereas further 
exposure to C5a, especially in the presence of IFN-y generated during 
an ongoing inflammatory process, leads to inhibition of the production 
of this potentially toxic cytokine. 

Defective IL-12 production by CSa-deprived monocytes and 
macrophages provides a plausible mechanism for the regulation of sus- 
ceptibility to asthma by C5: IL-12 drives type 1 CD4* T cell responses, 
preventing or reversing experimental allergic asthma. Furthermore, 
ablation of C5-mediated signaling releases monocyte and macrophages 
from IFN-y-mediated inhibition of IL-10 production. Whereas IL-10 
from antigen presenting cells can downmodulatc both type 1- and type 
2-polarized responses, feedback inhibition of IL-10 production by the 
type 1 cytokine IFN-y itself promotes ongoing type 1 responses. As a 
consequence of these effects on cytokine production by antigen pre- 
senting cells, the absence of C5 is permissive for type 2 responses, 
including allergic asthma. Its presence promotes type 1 responses. 

As predicted by studies with human monocytic cells, macrophages 
from C5-deficient A/J mice produce significantly less IL-12 than 
macrophages from C5-sufficient C3H/HeJ mice. The effect of C5 geno- 
type on maximal stimulation of IL-12 production by macrophages from 
these strains is not all-or-nothing. However, the differences in IL-12 
productive capacity seen are biologically significant in the context of 
the in vivo development of an immunological response: IL-12 adminis- 
tration to A/J mice renders them resistant to the induction of asthma; 
neutralization of IL-12 in C3H/HeJ mice renders them susceptible'. 
Similar, biologically relevant, differences in IL-12 production by C5- 
deficient (A/J) and C5-sufficient (C57BL/6) strains have been found in 
a model of malaria infection 52 . Although a direct association between 
C5 deficiency and AHR in our model remains to be My established, 
preliminary data from A/J mice in which the wild-type C5 gene has 
been restored suggest that the Ta2-associated eosinophilic inflammato- 
ry response is attenuated in the presence of a functional C5 gene. 

These results provide insight into other models of genetic deletion or 
antibody-mediated inhibition of C5, CSa, or the CSaR. Such models 
have suggested a central role for C5 in the pathogenesis of collagen- 
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pathogenetic mechanisms in human diseases. Even in the absence of ^ j^J^,^^ 
full genomic information, the power of the approach to susceptibility 
gene discovery outlined here is evident With full sequencing of the 
human and murine genomes currently in sight, these methods should 
find broad usage in the search for genetic susceptibility loci underlying 
complex human diseases. 

Methods 

Induction and characterization of (he allergic phenotypc Four-week-old mate mice 
(A/J, C3H/HeJ, AKR/J, BALB/c, C57BL6/J; ir-4-14 mico per experimental group) and a Ga™«.S.H.< 
backcross mice («=172) were obtained from The Jackson Uboratory (Bar Harbor, ME) and ^ ^J^" 0 
housed under laminar flow hoods in an environmentally controlled specific pathogen-free • ■ 
animal facility for the duration of experiments. All mice were immunized by an intrapen- ,„ ^ K , 
toneal injection of 10 ug OVA (Sigma) in 0.2 ml PBS buffer. Mice were anaesthetized H 
days after immunization and challenged intratracheally with 50 ill of a 1.5% solution of 
OVA Characterization of the allergic phenotypc was performed 72 h after antigen chal- 
lenge. Mice were anesthetized, intubated, ventilated at a rate of 120 breaths per min with a 
constant tidal volume of sir (0.2 ml), and paralyzed. After establishment of a stable airway 
pressure, 50 ug per kg weight of acetylcholine was injected intravenously and dynamic air- 
way pressure (APT! in cm-H,0 x s) was followed for 5 min. 

Gene array assays. Gene chip arrays were hybridized with labeled cRNA obtained from 
whole lungs. Whole lungs, as opposed to cell vype-specificsubsets thereof, were employed 
to avoid bias the relative importance to asthma pathogenesis of the multiple cell types that 
reside or traffic through the lung is unknown. Hybridizations were done with cRNA 
obtained from individual BC, mice; whereas lungs from A/J, C3H/HcJ and F, mice were 
pooled from four mice. Isolation of mRNA (2 X polyW), cRNA synthesis and hybridiza- 
tion of gene ohips were performed as described in the Affymalrix Expnalm Analysis 17. Bcf5h.K.& Iveriw a I. Production of 




